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Abstract

Background Ex vivo confocal microscopy is a technique for tissue examination, which generates images of fresh samples 

with an optical resolution comparable to those obtained by conventional pathology. The objective of this study was to evaluate 

the feasibility of using ex vivo confocal microscopy in fusion mode (reflectance and fluorescence) and the H&E-like digital 

staining that is obtained for the analysis of non-neoplastic kidney biopsies.

Methods Twenty-four renal samples acquired from autopsies were scanned in a 4th generation ex vivo confocal microscopy 

device. The imaging process was completed in an average of three minutes.

Results Confocal images correlated very well to the corresponding conventional histological sections, both in normal tissue 

and in chronic lesions (glomerulosclerosis, fibrosis and tubular atrophy). The ex vivo confocal microscopy protocol did not 

add artifacts to the sample for the ulterior study with light microscopy, nor to the histochemical or immunohistochemical 

studies.

Conclusion The ease and speed of grayscale and fluorescence image acquisition, together with the quality of the H&E-like 

digitally stained images obtained with this approach, suggest that this technique shows promise for use in clinical nephrol-

ogy and renal transplantation.
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Graphic abstract

Keywords Reflectance confocal microscopy · Fluorescence confocal microscopy · Fusion confocal microscopy · Ex vivo 

confocal microscopy · Renal biopsy

Introduction

The study of renal biopsy continues to be the key in imple-

menting a specific treatment in nephrology [1–4]. However, 

routine histopathological evaluation is a time-consuming 

and irreversible process in a very small amount of tissue. 

These characteristics pose limitations in terms of the type 

and quantity of analysis to be carried out with the fresh tis-

sue and restricts the performance of post-processing molecu-

lar studies [4]. Confocal microscopy (CM) is a real-time 

technique which provides high-resolution images of fresh, 

non-fixed tissues, in both in vivo and ex vivo approaches [5, 

6]. Different devices are used for each technique. In vivo CM 

is largely used in many clinical settings to enhance diagnos-

tic and treatment capabilities, mainly in the area of dermatol-

ogy and ophthalmology [7, 8].

In CM, a laser is used to provide excitation light while mir-

rors are used to scan the laser across the sample. The emit-

ted light is captured through a pinhole (confocal aperture) 

and measured by a detector attached to a computer. Finally, 

the computer builds up a two-dimensional grayscale image 

(reflectance CM [RCM]), one pixel at a time. Confocal micros-

copy has also been coupled with the use of fluorescent dyes 

(fluorescence CM [FCM]). This provides enhanced contrast 

in imaging and allows the staining of specific structures [5].

Fusion mode (RCM plus FCM [FUCM]), using laser light 

with sources of different wavelengths, represents the cutting-

edge approach in ex vivo CM. It permits the acquisition of an 

H&E-like digital stain (virtual H&E), imparting a blue color to 

FCM and a pink to purple color to RCM [9]. Ex vivo FUCM 

has been tested mainly in the field of oncology, focusing on 

different tissues (skin, prostate, breast, lung, kidney and liver) 

with promising results [10–12].

The aim of this proof of concept study was to assess the per-

formance of the ex vivo CM in fusion mode on non-neoplastic 

renal biopsies and to evaluate the integrity of the tissue imaged 

for the subsequent molecular, histochemical and immunohis-

tochemical analysis. In order to highlight limitations and pos-

sible applications of this technology in the diagnosis of renal 

non-neoplastic pathology, the confocal images were correlated 

to the corresponding histological sections obtained by conven-

tional methods.
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Methods

Study sample and tissue collection

This prospective study included 24 renal samples from autop-

sies of individuals who died of non-renal diseases and with-

out renal involvement. Tissue specimens were obtained with 

an automated spring-loaded biopsy device; a wedge biopsy 

was also performed in one case. Samples were kept moist on 

saline-soaked gauze prior to imaging. The study was approved 

by the ethics committee of the Hospital Clinic, Barcelona and 

was conducted in accordance with the precepts of the Helsinki 

Declaration. All the data were handled anonymously.

Ex vivo confocal microscopy in fusion mode

Samples were immersed in acridine orange (AO) 0.6 mmol 

for 20 s, then washed in saline solution for 20 s, immersed 

in acetic acid 50% for 20 s, and finally rinsed again in saline 

solution for 20 s. The tissue was placed on a conventional 

histopathology slide and covered by a coverslip retaining the 

specimen in the same position during the scanning.

Confocal mosaics were acquired using the 4th Gen 

VivaScope 2500 (MAVIG GmbH, Munich), specially designed 

for ex vivo imaging of freshly excised tissue samples. The 

2500 M-G4, equipped with a 38 × gel immersion objective, 

uses two lasers with wavelengths of 488 nm (blue) and 785 nm 

(infrared) and resolution image of 1024 × 1024 pixels. AO is 

excited by the blue laser (FCM), whereas the infrared laser is 

used to generate a reflectance signal (RCM). Both the reflec-

tion and fluorescence signals are detected simultaneously and 

combined in real time. An integrated algorithm, that is pro-

vided with the microscope, linearly combines the FCM and 

RCM images to form an RGB output graphic (virtual H&E) 

which resembles H&E stained pathology slides, assigning a 

blue color to FCM and pink to purple color to RCM.

DNA and RNA isolation and quantification

DNA and RNA were isolated from one tissue sample imaged 

with CFM using the AllPrep DNA/RNA Mini Kit (Qiagen), 

per the manufacturer’s instructions. DNA was quantified 

using the Nanodrop 2000 (Thermo Scientific).

Formalin-fixed and paraffin-embedded analyses

After ex vivo CM, the tissue was immediately fixed in 

10% neutral-buffered formalin, subjected to routine pro-

cessing, and embedded in paraffin wax to generate tissue 

blocks for comparison with standard pathologic analy-

sis. In order to recognize the potential for interference in 

immunohistochemistry, samples were tested with a cytoplas-

mic antigen (cytokeratin [CK7]) and with a nuclear antigen 

[GATA binding protein 3 (GATA3)].

The whole slide imaging was performed on a Ventana 

iScan HT (Roche Diagnostics, Spain) at a magnification of 

400× . The system creates high-resolution digital images of 

the tissue sections. The entire scanning process runs auto-

matically [13]. The images were blindly viewed in the Vir-

tuoso viewer (Roche). The virtual pathology and the ex vivo 

CM images were simultaneously evaluated.

Statistical analysis

Concordance between conventional histology and ex vivo 

CM was assessed with Kappa coefficient for qualitative 

(categorical) histological variables. For the number of glo-

meruli, Lin’s concordance correlation coefficient was used. 

Coefficients were expressed as estimation and a 95% confi-

dence interval (CI). All P values were two-tailed and were 

considered significant < 0.05. The software used for statisti-

cal analyses was R version 3.5.3 (R Foundation for Statisti-

cal Computing, Vienna, Austria, 2019).

Results

A total of 24 renal specimens were imaged. For each sample, 

image acquisition was repeated one to three times in order to 

obtain an interpretable mosaic. It took up to 5 min (2–5 min) 

to analyze a 12–16 mm sized specimen and to obtain a single 

mosaic. The ex vivo CM displayed mosaics that reproduce 

the architecture of a normal kidney, in real time with cellular 

resolution (Fig. 1). RCM permitted the observation of cyto-

plasmic details and extracellular matrix, whereas FCM high-

lighted nuclei. FUCM and particularly virtual H&E, resulted 

in an improved image for diagnosis. Especially important was 

the fact that sample preparation for FUCM did not affect the 

subsequent quality of formalin fixed histopathological sections. 

However, AO immersion interferes with the examination of 

renal tissue under immunofluorescence (data not shown). DNA 

and RNA quality assessed in a CFM-imaged sample showed 

no differences compared with an immediately frozen control.

Characterization of normal structures in renal 
biopsy

The renal architecture was easily identified in ex vivo CM 

with distinction of the cortex and medulla, as well as the nor-

mal components of the cortex: glomeruli, tubules, blood ves-

sels and interstitium (Fig. 2). The morphological evaluation 

with virtual H&E was better than evaluation using reflec-

tance or fluorescence mode alone. Our data indicate that 

the pathologists were able to recognize histopathological 
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features using FUCM or virtual H&E with a high degree of 

agreement between virtual confocal imaging versus conven-

tional histological slides. Table 1 describes the performance 

of ex vivo CM versus conventional microscopy.

Identification of pathological renal findings

Ex vivo CM facilitated the identification of sclerotic glomer-

uli, tubular atrophy, interstitial fibrosis foci, and interstitial 

inflammation (Fig. 3). Global glomerulosclerosis was recog-

nized as extracellular matrix deposition with capillary lumi-

nal obliteration and decrease in tuft cell numbers. Expansion 

of the urinary space, due to the shrinkage of the tuft, and 

periglomerular fibrosis were also observed. Chronic vascular 

injuries such as arteriolar hyalinosis and intimal thickening 

of the arteries were readily identified (Fig. 4).

Ex vivo CM did not interfere with posterior routine 
examination of renal biopsy.

Routine histochemical stains used to evaluate kidney biopsy, 

e.g., periodic acid-Schiff (PAS), periodic acid-methenamine 

silver (Jones), and Masson’s trichrome, showed no changes 

due to the CM imaging process (Figs. 1, 3). Immunohis-

tochemical staining using nuclear and membrane antigens 

displayed high quality results.

Fig. 1  Needle biopsy: FUCM image (a) and virtual H&E (b) allow 

recognition of the tissue similar to the image of H&E tissue 10X (c). 

Kidney cortex identifiable as such by the numerous renal corpuscles 

(some of them marked by red asterisks). Renal capsule is also vis-

ible (blue arrow). Cortex exhibits a normal glomerulus and trophic 

closely packed tubules [virtual H&E (d) and PAS tissue 400× (e)]. 

(Color figure online)
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Fig. 2  Confocal microscopy imaging of normal glomerulus with a 

well-defined Bowman’s capsule, conserved urinary space and regu-

lar cellular distribution (red circle). Muscular layer of an interlobu-

lar artery (red arrowhead) and a normal arteriole (red arrow), are also 

identified [RCM (a), FUCM (b), virtual H&E (c) and H&E tissue 

400× (d)]. (Color figure online)

Table 1  Concordance between 

conventional histology and EV 

confocal microscopy

EV ex vivo

Tissue compartment Convencional his-

tology (N = 24)

Ex vivo confocal 

imaging (N = 24)

Statistic

Cortex and medulla (N) 8 8 Kappa = 1

Cortex only (N) 13 13 Kappa = 1

Medulla only (N) 3 3 Kappa = 1

Mean number of glomeruli (range) 10 (1–22) 9 (2–23) Lin = 0.97 (09.4–0.98)

Average global glomerulosclerosis (N) 0.83 0.77 Kappa = 0.6

Interstitial fibrosis (N) 7 7 Kappa = 1

Tubular atrophy (N) 8 8 Kappa = 1

Interstitial inflammation (N) 6 5 Kappa = 0.88

Arcuate or interlobular arteries (N) 15 16 Kappa = 0.87

Arterioles (N) 21 21 Kappa = 1
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Discussion

This prospective observational study in a set of postmor-

tem renal biopsies illustrates the possibilities offered by 

ex vivo CM. This technique allows cellular resolution imag-

ing of fresh renal biopsies, without freezing tissue or using 

standard processing procedures. Virtual H&E images were 

obtained in an average of three minutes, with no loss of; tis-

sue, morphological detail, or molecular integrity.

The FUCM method has the potential to restructure the 

clinical workflow in renal histopathology and raises pos-

sibilities for implementation of deep-learning approaches.

Most of the current cohorts of CM focus on oncopathol-

ogy [14–18] and currently, there are no studies available 

in nephropathology. Previously, Krishnamurthy et al. per-

formed ex vivo CM evaluation of surgical resections of kid-

ney tumors, aiming to identify the lesion as either a benign 

tumor or renal carcinoma [12].

The FUCM platform implemented in our study was easy 

to use. This approach combines RCM and FCM modes, 

resulting in sections of the tissues at resolutions similar 

to those of light microscopy and obtaining virtual H&E 

staining [19]. The quality of the images allows categori-

zation of the glomerular, vascular and tubulo-interstitial 

Fig. 3  Chronic lesions can be evaluated with virtual H&E (a) and 

FUCM (b). Examples of tubular atrophy in a thyroidization pattern, 

with small round tubules and uniform intratubular casts (red aster-

isk), associated with interstitial fibrosis. Comparison with Masson 

trichome 200× (c), and immunohistochemistry for CK7 200× (d), is 

displayed. In addition, periglomerular fibrosis (red arrow) and global 

glomerulosclerosis (red circle) were identified [virtual H&E (e) and 

H&E tissue 200× (f)]. (Color figure online)
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compartments. The results of this study indicate that ex vivo 

CM is a promising approach for the prompt examination of 

renal biopsies aiming to characterize fibrosis and inflam-

mation in non-neoplastic kidney diseases [20]. This tech-

nique has potential applications not only in the evaluation 

of specimen adequacy at the time of renal biopsy, but also 

to optimize the quality assurance of the renal tissues for 

biobanking. Furthermore, sample preparation and process-

ing is an inexpensive procedure that afterwards, allows com-

plete optical microscopy assessment and molecular analysis 

in the same tissue.

The implementation of ex vivo CM of the renal biopsy 

may provide a feasible and straightforward way for stand-

ardization of quantitative image analysis, favoring the devel-

opment of robust digital repositories in nephropathology.

Moreover, our results confirmed the potential role of 

ex vivo CM to establish a rapid score of chronic damage in 

the renal biopsy. Tubular atrophy, interstitial fibrosis, glo-

merulosclerosis, and chronic vascular lesions were clearly 

identified with an excellent correlation with conventional 

light microscopy. Out of the scope of the paper and in 

order to glimpse the potential of this technical approach in 

a specific renal disease, Fig. 5 depicts the case of ANCA-

associated glomerulonephritis analyzed by virtual H&E and 

conventional H&E, displaying comparable findings.

Virtual H&E may optimize the frozen section analysis, 

which is the most commonly used procedure for rapid exam-

ination of renal tissue from potential cadaver donors in renal 

transplantation [21, 22]. The procedure of freezing and cut-

ting the frozen tissue block in a cryotome and subsequently 

staining it requires technical skills; and it is operator depend-

ent, adding variability. It is remarkable that the ex vivo CM 

technique entails minimal sample preparation and prevents 

unnecessary loss of tissue.

Ex vivo CM has some technical limitations. AO immersion 

interferes with the examination of renal tissue under immu-

nofluorescence, but this analysis is usually performed in a 

different renal cylinder than that used for light microscopy. 

Furthermore, horizontal pressure applied to the tissue may 

be uneven, with portions of the renal biopsy not adhering to 

Fig. 4  Vascular lesions such us arteriolar hyalinosis (red arrow head) and arterial intimal thickening (red arrow), were also recognized [virtual 

H&E (a and c) and H&E tissue 400× (b and d)]. (Color figure online)
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the histopathology slide. This can result in blurred scanned 

images. Achieving proper and uniform pressure of the tissue 

while avoiding crushing the artifact deserves special attention.

In conclusion, the ease and speed of grayscale and fluo-

rescence image acquisition, together with the quality of 

images obtained with this fusion mode of ex vivo CM 

approach, suggest that this technique shows promise for 

use in renal medicine practice, optimizing the information 

that is already obtained from conventional techniques of 

the pathology for native and allograft kidneys.

These promising results need further validation with mul-

tiple readers in multicenter studies to confirm that the fusion 

mode technique can generate images that allow nephropathol-

ogists to recognize the whole spectrum of renal patterns of 

lesions in optical sections through thick, fresh tissues.

Fig. 5  ANCA-associated glo-

merulonephritis and vasculitis, 

needle biopsy: virtual H&E (a) 

and H&E tissue 10× (b) display 

comparable findings. Normal 

(red asterisk) and abnormal 

(red square boxes) glomeruli, as 

well as abnormal vessels (blue 

square boxes). Inset abnormal 

glomerulus with cellular cres-

cents (blue arrow) and necrosis 

(red asterisk) and necrotizing 

vasculitis were identified in 

virtual H&E (c and e respec-

tively) and H&E tissue 400× 

(d and f, respectively). (Color 

figure online)
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Ex vivo confocal microscopy detects basic patterns of

acute and chronic lesions using fresh kidney samples
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ABSTRACT

Background. Ex vivo confocal microscopy is a real-time technique that provides high-resolution images of fresh,

non-fixed tissues, with an optical resolution comparable to conventional pathology. The objective of this study was to

investigate the feasibility of using ex vivo confocal microscopy in fusion mode (FuCM) and the haematoxylin and eosin

(H&E)-like digital staining that results for the analysis of basic patterns of lesion in nephropathology.

Methods. Forty-eight renal samples were scanned in a fourth-generation ex vivo confocal microscopy device. Samples

were subjected to confocal microscopy imaging and were then processed using conventional pathology techniques.

Concordance between the techniques was evaluated by means of the percentage of agreement and the κ index.

Results. Agreement between conventional microscopy and H&E-like digital staining was strong (κ = 0.88) in the

evaluation of acute tubular damage and was substantial (κ = 0.79) in the evaluation of interstitial fibrosis, interstitial

inflammation, arterial and arteriolar lesions. H&E-like digital staining also allows rapid identification of extracapillary

proliferation (κ = 0.88), necrosis and segmental sclerosis (κ = .88) in the glomerular compartment, but the results

reported here are limited because of the small number of cases with these glomerular findings.

Conclusions. FuCM proved to be as effective as conventional techniques in evaluating the presence of acute tubular

necrosis and interstitial fibrosis changes, but in fresh tissue. The ease of acquisition of ex vivo confocal microscopy

images suggests that FuCM may be useful for rapid evaluation of kidney biopsies and to restructure the clinical workflow

in renal histopathology.
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LAY SUMMARY

This study contributes to the refinement of renal biopsy analysis, showing that ex vivo confocal microscopy can

become the first step in a hierarchical study and in the segmentation of kidney biopsy studies in renal medicine.

Confocal images correlated very well with the corresponding conventional histological sections. This study opens

new methods for the global improvement of renal biopsy analysis, thereby favouring the evaluation of new therapies.

GRAPHICAL ABSTRACT

Keywords: ex vivo confocal microscopy, fluorescence confocal microscopy, fusion confocal microscopy, reflectance

confocal microscopy, renal biopsy

INTRODUCTION

Nephropathologic analyses provide important outcomes-

related data in renal medicine that are essential for under-

standing kidney disease pathophysiology [1–3]. The current

technique for histopathological evaluation is a time-consuming

and irreversible process using a very small amount of tissue.

These characteristics pose limitations in terms of the type

and quantity of analysis to be carried out with fresh tissue

and restrict the performance of post-processing molecular

studies [4, 5]. Hence there are few options to deal with biological

phenomena in a more precise molecular approach.

Ex vivo confocal microscopy (CM) is a real-time technique

that provides high-resolution images of fresh, non-fixed tissues

[6, 7]. In CM, a laser is used to provide excitation light while mir-

rors are used to scan the laser across the sample. The emitted

light is captured through a pinhole (confocal aperture) andmea-

sured by a detector attached to a computer. Finally, in ex vivo

CM the computer builds up a two-dimensional grayscale image

[reflectance CM (RCM)], one pixel at a time. Ex vivo CM has also

been coupled with the use of fluorescent dyes [fluorescence CM

(FCM)]. This provides enhanced contrast in imaging and allows

the staining of specific structures [8].

Previously, we confirmed the quality of renal tissue images

acquired by ex vivo CM in a fusion mode (FuCM = RCM + FCM)

compared with images obtained from renal tissue processed

with the standard method (formalin-fixed paraffin-embedded)

[9]. In addition, we observed that this approach allowed molec-

ular analysis in the same tissue, optimizing the information al-

ready obtained from conventional techniques of the pathology

of kidneys in autopsies of individuals who died of non-renal

diseases [9].

Pathologists usually first look at thewhole slide at a low reso-

lution to locate the candidate region of interest (ROI). They then

zoom in to examine these ROIs at a higher resolution. This pyra-

midal examination pattern represents the histology segmenta-

tion in the tissular renal compartments on routine analysis by
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the pathologist. In the present study, we aimed to generate im-

ages by ex vivo FuCM that allow recognition of glomerular, tubu-

lointerstitial and vascular lesional patterns. Optical sections of

thick, fresh tissues from 48 native kidneys allowed complete op-

ticalmicroscopy assessment andmolecular analysis in the same

tissue. To highlight limitations and possible applications of this

technology in the diagnosis of renal non-neoplastic pathology,

the confocal imageswere correlatedwith the corresponding his-

tological sections obtained by conventional methods.

MATERIALS AND METHODS

Study sample and tissue collection

We conducted a prospective study that included 48 renal sam-

ples from patients undergoing renal biopsy for clinical indi-

cations. Tissue specimens were obtained with an automated

spring-loaded biopsy device. Sampleswere keptmoist on saline-

soaked gauze and, within 5 minutes after their obtention, the

tissue was divided into three portions for light microscopy (LM),

immunofluorescent histology and electron microscopy. Only

the portion selected for LM was used for image analysis. The

study was approved by the Ethics Committee of the Hospital

Clinic, Barcelona and was conducted in accordance with the

precepts of the Helsinki Declaration. All the data were handled

anonymously.

Ex vivo FuCM

Kidney tissue cylinders were immersed in acridine orange (AO)

0.6 mmol for 20 seconds, then washed in saline solution for

20 seconds, immersed in acetic acid 50% for 20 seconds and fi-

nally rinsed again in saline solution for 20 seconds. The tissue

was placed in a conventional histopathology slide and covered

by a coverslip to retain the specimen in the same position during

the scanning.

Confocal mosaics were acquired using the fourth-generation

VivaScope 2500 (MAVIG, Munich, Germany), especially designed

for ex vivo imaging of freshly excised tissue samples. The 2500M-

G4, equippedwith a 38× gel immersion objective,uses two lasers

withwavelengths of 488 nm (blue) and 785 nm (infrared) and has

a resolution image of 1024 × 1024 pixels. AO is excited by the

blue laser (FCM), whereas the infrared laser is used to generate

a reflectance signal (RCM). Both the reflection and fluorescence

signals are detected simultaneously and combined in real time.

An integrated algorithm that is furnished with the microscope

linearly combines the FCM and RCM images to form a red, green,

blue (RGB) output graphic [haematoxylin and eosin (H&E)-like

digital staining], which resembles H&E-stained pathology slides,

assigning a purple colour to FCM and a pink colour to RCM.

Formalin-fixed paraffin-embedded analyses

After ex vivo CM, the tissue was immediately fixed in 10%

neutral-buffered formalin, subjected to routine processing and

embedded in paraffin wax to generate tissue blocks for compar-

ison with standard pathologic analysis [10]. All kidney biopsies

were evaluated by two nephropathologist (A.G.H., A.L.) blinded

to clinical data.

Statistical methods

For each kidney biopsy, the following data were collected:

number of glomeruli, number of arteries, sample’s adequacy

(adequate, >10 glomeruli and >2 arteries; marginal, 7–9

glomeruli and ≥1 artery; suboptimal, 1–6 glomeruli and ≥1

artery; inadequate, failing to meet at least the suboptimal

criteria), number of globally sclerosed glomeruli, number of nor-

mal glomeruli and the presence of segmental sclerosis, cres-

cents, endocapillary or mesangial hypercellularity, necrosis, in-

creased mesangial matrix, acute tubular damage and arterial

and arteriolar damage. Tubular atrophy, interstitial fibrosis and

interstitial inflammation were semiquantified as follows: ab-

sence 0%, mild <25%, moderate 25–50% and severe >50%. Con-

tinuous and ordered variables were summarized as the median

and interquartile range (IQR),whereas categorical variableswere

represented by frequencies and proportions. Concordance be-

tween conventional microscopy and FuCM in the assessment

of histopathological lesions was evaluated by means of the per-

centage of agreement and the κ index [11]. The κ index is thought

to be more reliable than the mere percentage of agreement

because it considers the possibility of agreement occurring by

chance. Since the κ index increases with the number of cate-

gories of the variable, we collapsed features with more than two

categories into binary variables to make the κ index values com-

parable across variables. P-values of the κ index are usually not

considered as a measure of concordance. Instead, the degree of

concordance is often categorized as slight (κ = 0.00–0.20), fair

(κ = 0.21–0.40), moderate (κ = 0.41–0.60), substantial (κ = 0.61–

0.80) and strong (κ = 0.81–1.00). All statistical calculations were

performed with Stata version 14 (StataCorp, College Station, TX,

USA).

RESULTS

Clinical data

The median age of the 48 patients was 53.5 years (IQR 36–67.5)

and 28 (58%) were females. In this cohort there were 16 pa-

tients with hypertension (33.3%), 1 with type 2 diabetes melli-

tus (2%) and 6 had both diseases (12.5%). Table 1 summarizes

the main patient data at the time of the renal biopsy. Renal

biopsy allowed us to confirm a diagnosis in 88% of the patients,

Table 1: Clinical characteristics of 48 patients with kidney diseases

whose renal biopsies were evaluated for concordance between stan-

dard optical microscopy and confocal microscopy.

Age (years), median (IQR) 53.5 (36–77.5)

Sex (female/male), n (%) 28 (58)/20 (42)

Comorbidities, n (%)

Arterial hypertension 16 (33)

Diabetes mellitus 1 (2)

Both 6 (12)

Serum creatinine (mg/dl), median (IQR) 1.1 (0.7–1.7)

>1.3, n (%) 20 (42)

Glomerular filtration rate (ml/24 h/1.73 m2),

median (IQR)

64 (38–95)

Proteinuria (mg/24 h), median (IQR) 1701 (503–5500)

>1000, n (%) 27 (56)

Abnormal sediment, n (%)

Haematuria 10 (21)

Leukocyturia 6 (12)

Both 8 (17)

Stage of chronic kidney disease, n (%)

Stage 1 14 (29)

Stage 2 21 (44)

Stage 3 13 (27)
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Table 2: Agreement between confocal microscopy and conventional microscopy in the evaluation of histopathological findings in renal biopsy

specimens.

Confocal microscopy, n

Optical microscopy Yes No

Agreement

(%)

Expected

agreement (%)a κ index

Glomerular sclerosis

Yes (≥25% glomeruli) 13 0 64.6 44.3 0.36

No (<25% glomeruli) 17 18

Segmental sclerosis

Yes 10 0 95.8 64.6 0.88

No 2 36

Increased mesangial matrix

Yes 6 6 75.6 61.9 0.36

No 5 28

Endocapillary-mesangial hypercellularity

Yes 8 6 60.0 52.0 0.17

No 11 20

Necrosis

Yes 1 3 91.5 87.9 0.29

No 1 42

Extracapillary proliferation

Yes 4 0 98,0 83,0 0.88

No 1 43

Acute tubular damage

Yes 4 0 98.0 83.0 0.88

No 1 43

Tubular atrophy

Yes 30 0 64.6 62.0 0.07

No 17 1

Interstitial fibrosis/oedema

Yes 24 6 87.5 50.0 0.75

No 0 18

Interstitial inflammation

Yes 23 6 87.5 49.6 0.75

No 0 19

Arterial lesions

Yes 17 1 81.4 49.0 0.63

No 7 18

Arteriolar lesions

Yes 29 0 87.5 54.8 0.72

No 6 13

aAgreement expected merely by chance.

including lupus nephritis in 12 (25%), immunoglobulin A

nephropathy in 5 (10%) and amyloidosis in 4 (8%). Other diag-

noses were membranous glomerulopathy (6%), anti-neutrophil

cytoplasmic antibody (ANCA)-associated glomerulonephritis

(6%), minimal change disease (6%), diabetic nephropathy (4%),

thrombotic microangiopathy (4%), chronic tubulointerstitial

nephritis (4%), nephroangiosclerosis (2%), immune complex

membranoproliferative glomerulonephritis (2%) and mono-

clonal immunoglobulin deposition disease (2%).

Conventional microscopy versus FuCM

The number of glomeruli was significantly greater in specimens

evaluated by conventional microscopy than in those evaluated

by FuCM [median 13.5 (IQR 8–18.5) versus 8 (5–14), respectively;

P = .03]. In contrast, the number of evaluable arteries and the

identification of arterioles was quite similar between both types

of specimens (median of 1 and 1.5 arteries per specimen and

19 and 20 specimens with arterioles in conventional microscopy

and FuCM, respectively).

The specimen adequacy for histopathological examination

was judged as adequate in 24 samples evaluated by conven-

tional microscopy and 15 evaluated by FuCM, while 22 in con-

ventional microscopy and 25 in FuCMwere marginal or subopti-

mal. Themedian number of glomeruli inmarginal or suboptimal

specimens was 9 (IQR 8–15) in conventional microscopy and 8.5

(IQR 7–9) in FuCM.

Histopathological findings

Table 2 summarizes the main histopathological findings iden-

tified by conventional microscopy and FuCM and the degree of

agreement between both methods. Figs. 1 and 2 show represen-

tative glomerular and tubulointerstitial lesions, respectively, and

Supplementary Table 1 illustrates the correlation between opti-

cal microscopy and FuCM in evaluating the disaggregated semi-

quantitative score of tubulointerstitial lesions.
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Ex vivo confocal microscopy for acute and chronic lesions 1009

Figure 1: Morphological patterns of renal lesion identified with FuCM (left panel) and H&E-like digital staining (right panel): global glomerulosclerosis (blue arrows,

A–D), interstitial fibrosis (orange arrows, C–F), interstitial inflammation (orange arrowheads, C and D), arteriolar hyalinosis (orange arrowheads, E and F).

The percentage of agreement was >85% in the evaluation of

extracapillary proliferation, segmental sclerosis, acute tubular

damage, interstitial fibrosis–oedema, interstitial inflammation

and arteriolar lesions.When concordancewas evaluated by the κ

index, agreement between conventional microscopy and FuCM

was strong for extracapillary proliferation, segmental sclerosis

and acute tubular damage. Agreement was substantial in the

evaluation of interstitial fibrosis, interstitial inflammation and

arterial and arteriolar lesions.

Concordance was fair (κ = 0.21–0.40) for glomerular sclerosis,

increased mesangial matrix and necrosis. Regarding the finding

of mesangial expansion in FuCM, it is worth noting that it was

found in all four cases of renal amyloidosis and was character-

ized by its weak purple fluorescent appearance (Fig. 3). In con-

trast, concordance was only slight (κ ≤ 0.20) in the evaluation of

endocapillary and mesangial hypercellularity and tubular atro-

phy. Fig. 4 presents the fraction of agreement and the κ index for

each histopathological feature.

DISCUSSION

Characterization of the histological pattern of injury in renal

biopsy constitutes the cornerstone in determining the mech-

anism of injury and establishes a specific therapy in renal
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1010 J.Z. Villarreal et al.

Figure 2:Glomerular lesions recognisedwith FuCM/H&E-like digital staining: segmental glomerulosclerosis (blue arrows,A and B),mesangialmatrix expansion (orange

arrowheads, C and D), necrosis and cellular crescent (orange arrowhead and blue arrow, respectively, E), segmental hypercellularity (blue arrow, F).

medicine. The introduction of renal biopsy in clinical practice

was one of the founding elements of nephrology as a medi-

cal specialty. However, the development and application of new

molecular biology techniques in renal tissue has not developed

at the same speed as other aspects of the specialty: the scarcity

of thematerial obtained during the biopsy and the need to fix the

tissue for later analysis hinders the development of molecular

approaches that require fresh tissue, such as omics techniques

and subsequent in silico models.

The FuCM device has been extensively tested for evaluat-

ing specimens in oncopathology [12–14]. The feasibility of us-

ing FuCM for analysis of non-neoplastic kidney biopsies, includ-

ing molecular studies in the same tissue, has also been demon-

strated recently [9].

Hereinwe describe the correlation between conventionalmi-

croscopy and FuCM using native kidney specimens from clinical

practice and with diverse pathological origins. There are several

major findings in this study. First, FuCM is a microscopic ap-

proach with an ability to establish the adequacy of the sample

that is not inferior to that of conventional microscopy in rou-

tine clinical practice [15]. Recent results from our group demon-

strated that processing of the sample for FuCM does not alter

the tissue for future molecular studies [9]. Therefore, these find-

ings favour the use of FuCM/H&E-like digital staining as the first
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Ex vivo confocal microscopy for acute and chronic lesions 1011

Figure 3: Amyloidosis with glomerular and vascular involvement. Amyloid displays (A) a weak green signal on FuCM and a (B) bluish colour on H&E-like digital

staining. Glomerular (blue arrow) and vascular involvement (orange arrowhead) by amyloid deposition was confirmed by (C) Congo red stain under polarized light that

(D) showed apple green birefringence.

method to establish the suitability of the material and to opti-

mize the quality of the targeted tissue in performing molecular

biology techniques.

Second, FuCM proved to be as effective as conventional tech-

niques in evaluating the presence of acute tubular necrosis and

interstitial fibrosis changes, but in fresh tissue. Persistent in-

flammation of the renal parenchyma leads to interstitial fibrosis

and tubular atrophy (IFTA), the key contributor to the progres-

sion of chronic kidney disease (CKD) [16, 17]. This pathological

process is characterized by an excessive accumulation of extra-

cellularmatrix proteins that result in the loss of architecture and

organ function. Both tubulointerstitial inflammation and IFTA

strongly correlate with poor renal outcomes in a diverse group

of nephropathies, regardless of the extent of glomerular damage.

Moreover, IFTA has been shown to be an independent risk factor

for both end-stage renal disease (ESRD) and death [18–21]. There-

fore it is essential to develop a reliable approach that predicts

which patients are most likely to develop CKD so that appro-

priate interventions can be adopted before ESRD is established

[22, 23].

Tubules and interstitium are the main component of the re-

nal parenchyma and, for this reason, their representation in a

biopsy is more uniform compared with glomeruli. The findings

reported in this work add quality to the global analysis of tubu-

lointerstitial lesions, which are so important in predicting the

risk of CKD in the long term.Theywould facilitate the evaluation

of the potential benefits of new nephroprotective treatments,

such as sodium–glucose co-transporter 2 inhibitor or glucagon-

like peptide-1 agonists [24–26], the use of molecular techniques

in various kidney pathologies or the favouring of deep-learning

approaches and standardization of quantitative image analysis

of interstitial fibrosis.

Third, FuCM allows rapid identification of extracapillary pro-

liferation, necrosis and segmental sclerosis in the glomerular

compartment, but the results reported here are limited because

of the small number of cases with these glomerular lesions.

However, these results also position this technique as a future

useful tool in the evaluation of patients with systemic disease–

associated glomerulopathies such as ANCA vasculitis or sys-

temic lupus erythematosus, which require urgent treatment

with steroid pulses. Evaluation of the suitability of treatments

such as plasma exchange,which represents a clinical emergency

scenario in renal medicine, could be another practical use of

FuCM.

Finally, it may also be useful for the quick evaluation of sus-

pected renal amyloidosis, allowing very rapid screening of sug-

gestive lesions. Furthermore, it may aid in the orientation of

subsequent techniques, such as immunohistochemistry ormass

spectrometry for amyloid type determination.

These capabilities, together with the rapid acquisition of im-

ages, could be very useful in the analysis of renal allografts be-

fore implantation and should be a subject of future prospective

studies.

The ease of acquisition of digital images of quality within

5 minutes, together with the strengths of the technique pre-

viously exposed, demonstrate the suitability of FuCM for real-

time kidney tissue evaluation in clinical practice. The results

reported here confirm the role of FuCM as a microscopy ap-

proach that restructures clinical workflow in renal histopathol-

ogy and raises possibilities for implementation of virtual
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Figure 4: Agreement fraction (orange circles) and κ index (blue squares) for

concordance between conventional microscopy and FuCM in the evaluation of

histopathological findings in renal biopsies from48 patientswith kidney disease.

analysis in nephropathology, a subspecialty of pathology not

available in many centres due to the very restricted number of

experts in the field.Moreover, this approach favours the develop-

ment of digital repositories and opens the way to a hierarchical

processing of renal biopsies that keeps tissue viable for succes-

sive molecular studies.

Some limitations should be acknowledged. First, despite the

ease of FuCM image acquisition, the analysis requires specific

training of the nephropathologist. Second, these images corre-

spond to one level of cut, compared withmultiple serial sections

recommended for the study of kidney biopsies. This issue could

explain the fair concordance between FuCM and conventional

microscopy in evaluation of global sclerosis. Finally, as images

have <5.0 μm at the centre of the field of view, evaluation of

features such us endocapillary and mesangial hypercellularity

is restricted.

Despite these limitations, this study further contributes to

the refinement of renal biopsy analysis, showing that FuCMmay

become the first step in a hierarchical study and in the segmen-

tation of the kidney biopsy study in renal medicine. Prospective

studies that include multiple centres are warranted to confirm

these findings.

In conclusion, this study opens new paths for the global im-

provement of renal biopsy analysis. Sufficiently diagnostically

accurate readouts are feasible with FuCM/H&E-like digital stain-

ing, allowing tissue saving for molecular techniques. However,

the current technology needs to overcome the limitations re-

ported here in order to establish it as the first step in tissue anal-

ysis in nephropathology.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.
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